Abstract maleless (mle) is essential in Drosophila melanogaster males both in somatic cells and in germ cells. In somatic cells mle is necessary for X-chromosome dosage compensation. The role of mle in the germline is unknown. We have analyzed the expression pattern and localization of MLE, the other MSLs and acetylated isoforms of histone H4 in male germ cells to address whether dosage compensation and/or X inactivation occur in the Drosophila germline. We observed that MLE is the only MSL expressed in the male germ cells and it is not localized to the X chromosome. We conclude that in the germline mle is not involved in chromosomal dosage compensation but may be involved in post-transcriptional gene regulation. We also observed that the acetylation pattern of histone H4 is very dynamic during spermatogenesis. While the pattern is not compatible with dosage compensation or X inactivation, it is consistent with all premeiotic chromosomes being in an active configuration that is replaced in post-meiotic stages with an inactive chromatin, constitution.
Introduction
Sex determination in many eukaryotes has a chromosomal basis. It is generally believed that in heterogametic organisms, an ancestral pair of chromosomes evolved such that one sex, usually the female, maintained the original karyotype (XX) while the other lost (XO) or acquired a new chromosome (XY) derived by specialization of one of the original XX pair.
Two selective events have been postulated to permit the degeneration of the Y chromosome after the establishment of a proto-Xlproto-Y chromosome system. First, there would be selection for suppression of recombination between the incipient Y and X to permit independent evolution. Second, there would be selective pressure for cells to develop a mechanism to avoid the genetic imbalance between sex chromosomes and autosomes created by the loss of one X chromosome. This balancing mechanism was first defined in Drosophila by Muller (1950) who named it 'dosage compensation'. While dosage compensation mechanisms have been described in mammalian, C. elegans and in Drosophila somatic cells (see Hendrich and Willard, 1995, for review) , it is not known whether dosage compensation occurs in germ cells.
In Drosophila melanogaster, maleless (mle), one of the loci necessary for somatic dosage compensation, is also required for male fertility (Belote and Lucchesi, 1980; Bachiller and Sanchez, 1986) . Pole cell transplantation experiments were used to show that mle function is required in male germ cells, and this raised the possibility that dosage compensation occurs and is essential in the germline.
In male somatic cells, the products of the four male specific lethals (msl): MSL-l, MSL-2, MSL-3 and MLE are thought to form a protein complex that associates with the X chromosome and mediates X hypertranscription (see Bashaw and Baker, 1995; Kelley et aI., 1995; Zhou et aI., 1995; Cline and Meyer, 1996 , for review). The MSL complex is postulated to recruit a putative acetyltransferase, MOF (Hilfiker et aI., 1997) , resulting in accumulation on the X chromosome of an isoform of histone H4, specifically acety lated at lysine 16 (H4Ac 16) (Turner et aI., 1992; Bone et aI., 1994) . In females, the expression of MSL-2 is repressed by the sex determination switch gene Sex lethal (SXL), resulting in no association of the MSL proteins (Bashaw and Baker, 1997; Kelley et aI., 1997) . mle is necessary for the formation or stability of the MSL complex because in mle -males the other MSLs are associated with the X chromosome at only a few rather than at hundreds of sites (Palmer et aI., 1994; Gorman et aI., 1995; Lyman et aI., 1997) .
The role of mle in male fertility could be related to dosage compensation or could be an independent function of mle. Oliver and co-workers have suggested the possibility that an mle-dependent dosage compensation mechanism is active in the germline, based on their studies of avo. ova is a member of the so-called 'ovarian tumor' genes (reviewed in King and Storto, 1988) and it is thought to be involved in germline sex determination (Oliver et aI., 1990 (Oliver et aI., , 1993 (Oliver et aI., , 1994 . XX individuals carrying loss of function mutations in ova exhibit germ-cell lethality (Oliver et aI., 1987 (Oliver et aI., , 1990 . This lethality is partially suppressed in individuals that are ovomle-double mutants (Oliver, 1989; Oliver et aI., 1993) . This line of evidence suggests a model in which the lethality of avo -XX germ cells is due to an mle-dependent up-regulation of the two X chromosomes.
Pole cell transplantation experiments by Bachiller and Sanchez (1986) suggest the possibility that, if dosage compensation is occurring, it must act through a pathway distinct from the well defined somatic dosage compensation pathway. Pole cells homozygous mutant for msl-1 or msl-2 produced functional sperm while those mutant for mle did not. Since the role of mle in somatic dosage compensation is completely dependent on msl-1 and msl-2, these results suggest that mle functions in a distinct process in the germline. Based on their results, Bachiller and Sanchez (1986) raised the possibility that mle is not active in germline dosage compensation and proposed that mle may be involved in X inactivation, the process of heterochromatic-like inactivation that sex chromosomes undergo in male germ cells of many species (McKee and Handel, 1993) . In this scenario, the necessity for mle activity in dosage compensation and X inactivation would be related to the common origin of these processes as proposed by Lifschytz and Lindsley (1972) . However, there is no conclusive evidence whether or not X inactivation occurs in the male germline of Drosophila.
A large body of data indicates that the acetylation status of chromosomal histones, in particular H3 and H4, closely correlates with chromatin structure and activity (reviewed in Pennisi, 1997) . In Drosophila somatic cells, the histone H4 in heterochromatin is underacetylated at all residues except lysine 12 (H4Acl2), while autosomal euchromatin is enriched for islands of acetylated lysine 5 (H4Ac5) and 8 (H4Ac8) and the male X chromosome is enriched for acetylated lysine 16 (Turner et aI., 1992) . If germline dosage compensation or X inactivation occur in male germ cells, this might be reflected in the acetylation status of H4. If dosage compensation is active in male germ cells, the hyperactivated X chromatin may be enriched in H4Acl6, as in somatic cells. If X inactivation occurs, the X chromatin may be enriched in H4Acl2 or hypoacetylated as it is in Schistocerca gregaria germ cells (Wolf and Turner, 1996) .
We have used immunohistochemical and genetic tools to address the following questions related to germline dosage compensation and X inactivation: (1) does the requirement for mle function in the germline indicate participation in X hypertranscription (dosage compensation) and/or X inactivation? and (2) does the acetylation status of histone H4 reveal any difference between the X chromosome and autosomes that is compatible with either process?
Results

MSL expression in the germline
If MLE mediates dosage compensation in the germline as it does in the soma, we might expect to detect an MSL complex bound to the X chromosome of male germ cells immediately following the determination of sexual identity, as is observed in the soma (Rastelli et aI., 1995; Franke et aI., 1996; McDowell et aI., 1996) . In our previous analysis of MSL expression in the germline during embryogenesis, we observed that MLE is the only MSL detectable in early germ cells and it is not localized to any chromosome (Rastelli et aI., 1995) . However, while germline sex-determination is already active during embryogenesis (poirie et aI., 1995; Staab et aI., 1996) , germline dosage compensation might not necessarily be established until later in development. ova is not required for female germ cell viability until the larval stages (Rodesch et aI., 1995; . If ova is necessary for sex determination and the repression of dosage compensation in the female germline, this raises the possibility that germline dosage compensation might not begin until after embryogenesis. Therefore we extended our analysis of MSL expression to all stages of spermatogenesis, probing also for MSL-3 expression that was not examined previously. As shown in Fig. 1 , antibodies against MSL-3 labeled the X chromosomes of somatic cells while no labeling of germ cell nuclei was observed. When the same preparation was double labeled with anti-MSL-3 and anti-MLE antibodies (Fig. IB) , MLE expression was detected not only in somatic nuclei but also in germ cell nuclei showing that the lack ofMSL-3 staining in germ cells is not an experimental artifact. The distinction between somatic cells and germ cells was based on morphological aspects, nuclear size and shape, and the expression of a germ cell specific marker (Mst64C, L. Rastelli, unpublished data). MSL-l and MSL-2 were also absent from germ cells throughout development (data not shown). Together with the genetic experiments of Bachiller and Sanchez (1986) , these results demonstrate that if germ cells are dosage compensated, they do not utilize a mechanism that requires the somatic MSL protein complex.
MLE expression during spermatogenesis
Although MSL-l, MSL-2, and MSL-3 are not detectable in male germ cells, MLE could still mediate chromosomal dosage compensation if it localized to the X chromosome of male germ cells, perhaps in a distinct protein complex. To address this hypothesis, we analyzed the expression pattern of MLE in the post-embryonic stages of male germline development.
In Fig. 2 , weak MLE expression is detectable in spermatogonia and early spermatocytes (G and S in Fig. 2A ). MLE is very abundant in the nuclei of fully developed primary spermatocytes, shown in Fig. 2B , and it continues to be detectable in round stage spermatids ( Fig. 2C ) and elongated spermatids (Fig. 2D) . MLE is not detectable during the later stages of spermatid development (data not shown).
The chromosomes of primary spermatocytes are organized into three prominent clusters, which are comprised of (1) the X and the Y, (2) the second chromosomes and (3) the third chromosomes (Fuller, 1993) . Analysis of MLE localization within the nucleus of primary spermatocytes failed to reveal chromosomal association with any of the three chromatin clusters. An example of this is shown in Fig. 2E ,G, where MLE fills the nucleoplasm of the primary spermatocyte but is excluded from the region occupied by the DNA, stained with Hoechst (Fig. 2E,F) . To demonstrate that the staining we detect corresponds to MLE, we stained wild type testes with two different antibodies raised against the amino terminus or the full length MLE and we observed that their staining patterns were identical (data not shown). We also stained gonads dissected from mle-larvae and observed that no MLE staining is present in these germ cells (Fig. 2H) . The lack of chromatin staining by anti-MLE antibodies in wild type is not a technical problem, as in the same preparation we observed that a region of the chromatin in somatic cells is stained, as shown in Fig. 21 . Within the nucleoplasm of primary spermatocytes, MLE accumulates in dots . The number and location of these dots varies between nuclei but they are generally concentrated at the periphery of one or two chromatin clusters, as can be seen in Fig. 2B ,E,G. It is possible that these regions may contain decondensed chromatin, not detected by Hoechst staining. The arrowhead in Fig. 2E -G points to the XY chromatin cluster (distinguishable because of its smaller size and its association with the nucleolus) to show that the dots do not always associate with this chromosome. Therefore, we did not detect X chromosome-specific association of MLE at any stage of male germ cell development.
Genetic requirement for mle during spermatogenesis
Males of the mle ts genotype arise at low frequency when raised at a permissive temperature. These rare escapers are sterile and produce non-motile sperm (Belote and Lucchesi, 1980) but these males are also very unhealthy due to insufficient somatic dosage compensation. We searched for an mle mutant heteroallelic combination that we could use to separate the mle requirements in the germ line and in the soma to address the effect of the loss of mle in the germline in a relatively healthy soma. The trans-heterozygous mle 185 / mle 1 males are temperature sensitive but, as shown in l males is due to the temperature at which the males were raised rather than the temperature at which they are crossed to females. This result clearly shows that, genetically, the amount of mle activity required for fertility is higher than that required for viability, suggesting that the mechanism of action in the two tissues might be different. As in the case of the mle ts escapers, the mle l85   1mle l sterile males that we examined also had fully formed but non-motile sperm. In each of these cases, it is not known whether this phenotype corresponds to a partial or complete loss of mle function. Therefore we examined the gonads of mle l male larvae because the mle l allele has a stop codon that truncates the protein after the first 125 amino-acids and is likely a null mutation (1. Rampersad-Ammons, pers. commun.). These larvae are developmentally delayed compared with their heterozygous brothers and their gonads are clearly different from wild type. Fig. 3A shows a gonad from a heterozygous brother with wild type morphology and no post-meiotic germ cells. In contrast, an mle l gonad (Fig. 3B) shows morphological signs that spermatogenesis has advanced to post-meiotic stages, as evident from the presence of bundles of spermatids and sperm. A more detailed analysis revealed that all stages of spermatids are present in these gonads. Fig. 3C shows onion and condensing stages and Fig. 3D shows condensed spermatids. The morphological data are confirmed at the molecular level, as these spermatids express a GFP-Don Juan reporter gene which is expressed very late in wild type spermatids (Santel et aI., 1997 ) (data not shown). The analysis of the mle -gonads reveals that complete loss of mle in the germline and in the soma does not affect the development of male germ cells. In these mutant individuals, somatic development is delayed, but germline development proceeds, resulting in what appear to be fully formed, but not individualized sperm with no apparent defects. We do not know if the lack of individualization is a germline problem or is due to the dying soma of these individuals but in either case, spermatogenesis can proceed to the final Table I Viability and fertility of mle mutant males stages of differentiation in the apparent absence of MLE protein.
Histone H4AcJ6 localization is not consistent with chromosomal dosage compensation
In somatic cells, histone H4 acetylated at lysine 16 decorates the X chromosome of males (Turner et aI., 1992) . In msZ-mutant cells H4Ac1610calization is abolished indicating that H4Ac16 is dependent on the presence of a complete MSL complex (Bone et aI., 1994 Gonad whole mounts of mle-male larvae were stained with antibodies against H4Acl6 (green) and with propidium iodide (red) to label the DNA. H4Acl6 is clearly still detectable in spermatogonia (G) and spermatocytes (S), which also express the germ cell marker Mst64C (in blue). Late spermatids (Sp) do not stain with H4AcI6. present in male germ cells because they do not express three of the MSL proteins. If H4Ac16 were localized to the X chromosome in germ cell nuclei, this would reveal a new dosage compensation mechanism able to target H4Ac16 to the X chromosome in the absence of a complete MSL complex. If H4Ac16 were dependent on mle in germ cells, this would indicate a role for mle in this alternative dosage compensation mechanism. To explore these possibilities, we stained germ cells with anti-H4Ac16 antibodies. Fig. 4A shows a confocal image of a larval gonad whole mount. H4Ac16 (green) which is easily detected in spermatogonia (Fig. 4G ) and early spermatocytes (Fig. 4S ). More detailed analysis of an early primary spermatocyte (Fig. 4C) revealed that H4Ac16 stains all three chromatin clilsters (red) without any specificity for X chromatin. A similar pattern was seen for H4Ac8 and H4Ac5 (data not shown). Spermatogonia and early primary spermatocytes represent the stages where most of the transcriptional activity occurs during spermatogenesis, thus the histone H4 acetylation status of the chromosomes correlates with their activity, without detectable chromosome-specificity.
We next examined later stages, (present only in adult testes) where transcriptional activity is more limited. Olivieri and Olivieri (1965) observed that the nucleolar region is the only portion of the nucleus that labels with [3Hluridine in late primary spermatocytes. We found that H4Ac16 (green) in late primary spermatocytes (Fig. 4F-H ) is limited to a region in and around the nucleolus, again correlating with the transcriptional status of the chromosomes. We also determined that H4Ac16 does not stain the Y chromosome loops (red), revealed with an antibody specific for Y loop associated proteins (Glatzer, 1984) . We could not detect H4Ac16 in germ cells during meiotic and post-meiotic stages (see the late spermatids in Fig. 5 as an example), in which transcriptional activity is also not detectable. In the same preparations, diploid somatic cells in the wall of the gonads show clear binding of H4Ac16 to the X chromosome (Fig. 4B) . Therefore, in male germ cells, H4Ac16 appears to correlate with the general activity state of the chromosomes rather than to an X-specific dosage compensation mechanism.
To determine whether the distribution of H4Ac16 was altered in mle -germ cells, we stained gonad whole mounts of mle-male larvae. In Fig. 5 , H4Ac16 (green) is clearly still abundant in spermatogonia (G) and is staining all chromatin clusters in early spermatocytes (S). Therefore in germ cells, loss of mle does not have any detectable effect on the expression or localization of H4Ac16. 
Histone H4Acl2 localization during spermatogenesis
As a control for the specificity of anti-H4Acl6 immunostaining of germ cells, we stained in parallel with antibodies against H4Acl2, which is enriched in heterochromatin in somatic cells. Fig. 6 shows that H4Acl2 is present during early and late stages of spermatogenesis. Fig. 6A presents a general overview of the tip of a testis in which sequential spermatocyte stages can be seen. A string-like structure staining for H4Acl2 is observed (indicated by arrowheads). In contrast to H4Ac16, anti-H4Acl2 does not label any of the three clusters of chromatin in early spermatocytes, where transcription is very active. However, in late sperm atocytes, where transcriptional activity is very limited, H4Ac12 labels the Y chromosome loops and possibly the rest of the X-Y cluster (Fig. 6B) . After meiosis, H4Ac12 is still detectable and is coincident with the chromatin of spermatids (Fig. 6C) . Therefore, in male germ cells, H4Ac12 appears to correlate with the general inactivity of the chromosomes in post-meiotic stages.
In many vertebrate organisms, during the late stages of spermatogenesis, monoacetylated H4 is replaced by hyperacetylated H4 prior to histone replacement with protamines (Meistrich et aI., 1992) . Therefore, we also immunostained male germ cells with an antibody that was shown to specifically recognize H4 acetylated at 2 or more sites (Lin et aI. , 1989; Meistrich et aI., 1992) . As shown in Fig. 60 this antibody labels only elongating stage spermatids, and not earlier stages, consistent with the observations by Meistrich et ai. (1992) . In very late spermatids, none of the antibodies detect acetylated histones. Fig. 6E shows sperm stained with anti-H4Ac12 as an example.
Discussion
The role of mle in the germline
The mle requirement for male fertility (Belote and Lucchesi, 1980; Bachiller and Sanchez, 1986 and our observations) and the interaction between ovo and mle mutations (Oliver, 1989; Oliver et aI., 1993) suggested the existence of an mle-dependent dosage compensation mechanism in the male gennline. A simple model to explain how this mechanism acts would predict that MLE is associated with the X chromosome in genn cells as in the soma and that this association correlates with a more active chromatin structure. It is also possible that mle action could be indirect, without binding to the X chromosome, by regulating either the expression or processing of one or more genes required for dosage compensation. Either model would predict that male genn cells lacking mle activity would not balance X and autosomal gene dosages. In either case we expected that loss of mle should have severe phenotypic effects early in spermatogenesis because in the Drosophila male gennline, transcription is very active and is limited to premeiotic stages (Olivieri and Olivieri, 1965) , therefore mle-dependent dosage compensation would need to be active at this stage. Our analysis of MLE expression and localization in spermatogenesis is not consistent with the two major predictions of these models.
First, we did not detect any association of MLE to the X chromosome in genn cells of third instar larvae or adults (this work) or during embryonic stages (Rastelli et. aI., 1995) . We cannot exclude the possibility that association of MLE to the X chromosome is a transient phenomenon and/or is limited to stages that we did not analyze. However, it is unlikely that X chromosome association would be transient if MLE functions in dosage compensation, which has evolved to prevent the cumulative effects of chromosomal imbalance during development. Furthennore, we concentrated on those stages where transcription either starts or is very abundant. Double labeling of DNA and MLE revealed that MLE is nuclear, fills the nucleoplasm and it is excluded from the chromatin that is stained either by Hoechst or by propidium iodide or revealed by specific antibodies (Y loops).
Second, we found that in an mle null mutant background, spermatogenesis still occurs. In these larvae, that are dying and developmentally delayed because of the lack of dosage compensation in the soma, genn cells develop, go through meiosis, and produce spenn. Any role of mle in genn cell dosage compensation is difficult to reconcile with the lack of X-chromosome association and the presence of fully differentiated sperm in mle -gonads.
An alternative model is that mle has a distinct role in the male gennline, unrelated to dosage compensation. mle encodes a protein with ATP-dependent RNA and DNA helicase activities (Lee et aI., 1997) . MLE has extensive sequence similarity to human RNA helicase A (Lee and Hurwitz, 1993) , including motifs common to dsRNA binding proteins (Gibson and Thompson, 1994) and RNA helicases (Kuroda et aI., 1991; Fuller-Pace, 1994) . MLE association to the male X chromosome in somatic nuclei is RNase sensitive (Richter et aI., 1996) suggesting that mle interacts with the MSL complex via RNA. There is a class of mle mutant that affects both sexes. The gain of function na/ s mutations cause paralysis at high temperature and they interact with paralytic, a gene that encodes sodium channels (Kernan et aI., 1991) . It has been observed that in this mutant background the splicing of paralytic is aberrant (R. Reenan, pers. commun.). In genn cells, MLE fills the nucleoplasm, but is also concentrated in dots which are reminiscent of 'speckles' formed by splicing factors. These dots are at the periphery of chromatin clusters and might therefore correspond to decondensed, active chromatin. Thus, it is possible that MLE in the gennline may interact with the RNA processing machinery and this activity would represent the ancient function of mle and its homologs in C. elegans and in mammals.
The acetylation status of histone H4 in the male germline
Both dosage compensation and X inactivation models require that the structure of the X chromosome in male genn cells is different from the autosomes. While we observed that the pattern of acetylation for histone H4 is very dynamic during spermatogenesis, with stage-specific and region-specific differences in the level of acetylation of the genome, our data do not support a chromosomal based model for gennline dosage compensation.
The lack of specific X chromosome localization of H4Ac16 in the transcriptionally active stages of spermatogenesis argues against a role for H4Ac16 in dosage compensation and favors a more general role in transcriptional activation. During these stages, the chromatin of the fast growing spennatocyte requires a very active conformation and the presence of H4Ac16 may facilitate the fonnation of this chromatin structure. This model is reinforced by the observations that H4 isofonns associated with active euchromatin in the soma (H4Ac8, H4Ac5), colocalize with H4Ac16 on the chromosomes, while a marker for inactive heterochromatin (H4Ac12) does not label chromatin during these stages. This model could also explain why H4Ac16 is still labeling a small portion of chromatin around the nucleolus in late primary spermatocytes. This region appears to correspond to the region labeled by eH]uridine in the incorporation experiments of Olivieri and Olivieri (1965) and therefore could be the only chromatin that is still transcriptionally active at this stage. Our observation that H4Ac12 replaces the other H4 isoforms during postmeiotic stages is consistent with the lack of transcription characteristic of these stages. Finally, the lack of staining in the late stages of sperm development could be due to the histones being replaced by non-histone proteins in Drosophila, as observed in other organisms.
Experimental procedures
Fly stocks and mutants
Flies were maintained on a standard cornmeal-molasses-yeast-agar medium at 25°C unless otherwise specified. The wild type strain used in this work is wIllS. The mle l and mle l85 allele are described in Lindsley and Zimm (1992) .
To examine the gonads of mle l males, we crossed mle l / Bc, Gla males to homozygous mle l females and selected non-Black Cell male larvae, also recognizable because of their smaller size and developmental delay.
Immunohistochemical staining of male gonads and testis
For squashed preparations, larval gonads and adult testes were hand-dissected in Ringer solution, fixed, squashed and stained as described in Rastelli et al. (1993) . The whole mounts for confocal microscopy were prepared and stained as described in Rastelli et ai. (1995) .
The affinity-purified antibodies used to detect the MSL proteins were: anti-MLE12 and anti-MLE25 (Palmer et aI., 1994) anti-MSL-l, MSL-2, and MSL-3 preparations (Ron Richman, pers. commun.). The antibodies used to detect the various mono-acetylated isoforms of histone H4 are described in Turner and Fellows (1989) , while the antibody against hyperacetylated H4 isoforms (anti-penta) is described in Lin et ai. (1989) . The antibody against the germline marker Mst64C will be described in detail elsewhere (Rastelli et aI., unpublished observations) . To detect the Y chromosome loops we stained with the monoclonal antibody X4 described in Glatzer (1984) 
